The lipid bilayer is highly resilient to rupture and explains why it was selected over the course of evolution to serve a barrier function, yet membrane fission or the splitting of a membrane compartment is a central theme in biology that manifests in vesicular transport and organelle biogenesis. Membrane fission has been developed within a theoretical framework wherein a local application of curvature stress leads to constriction of a tubelike membrane intermediate that progresses to scission.^[@ref1]−[@ref3]^ Because these topological transformations require the bilayer to deviate from its preferred planar configuration, fission is an energetically unfavorable process and has given rise to the notion that cells could have evolved membrane fission catalysts (MFCs) to manage this process.^[@ref4]^

An elaborate vesicular transport pathway manages the steady-state distribution of soluble and membrane proteins across different organelles. Genetic screens carried out in the 1990s identified the *sec* genes that brought to light some of the molecular players in this process.^[@ref5]^ However, despite the ubiquitous nature of membrane fission, identifying MFCs remains a challenge in contemporary cell biology. Mutagenic screens carried out in the early 1970s identified dynamin,^[@ref6]^ which since has emerged as the paradigmatic membrane fission apparatus.^[@ref7]−[@ref9]^ Remarkably, however, mouse embryonic fibroblasts lacking dynamin survive in culture for weeks and show defects only in a small set of vesicular transport pathways.^[@ref10]^ Indeed, the elaborate organization of the endomembrane system is largely retained in cells lacking dynamin, suggesting the presence of alternate MFCs. Recent genomewide RNAi screens based on monitoring the transport of proteins across organelles have not yielded much success in identifying alternate MFCs.^[@ref11]^ This is because defects in any of the subprocesses of protein sorting, membrane budding, and membrane fission produce similar phenotypes of loss of transport in such screens.

Furthermore, detecting membrane fission in a reconstituted setup has been a challenge because of the lack of facile and quantitative assays. Fission, leading to the release of transport intermediates, has been studied with purified cell membranes and protein-free liposomes, but their biochemical complexity makes it difficult to define the minimum machinery or catalyst required for fission.^[@ref12],[@ref13]^ On the other hand, partial reconstitution of transport processes with cytosol, semipurified or purified coat, and accessory proteins on protein-free liposomes has required tedious electron microscopic analysis.^[@ref14],[@ref15]^ Reports on protein-induced vesiculation of liposomes detected using electron microscopic or light scattering-based approaches have precluded further corroborative analysis using dynamic microscopy-based techniques due to their small size.^[@ref13],[@ref16],[@ref17]^ In this regard, the recently described supported lipid bilayers with an excess reservoir (SUPER) are of limited utility because of the planar configuration of the membrane reservoir and the bulk nature of readouts.^[@ref18]^ Together, these results emphasize the need to devise alternate strategies for identifying MFCs.

Materials and Methods {#sec2}
=====================

Supported Membrane Tubes (SMrT) {#sec2.1}
-------------------------------

SMrT templates were prepared on either PEG400- or PEG8000-functionalized glass coverslips according to the method described in refs ([@ref19]) and ([@ref20]). Briefly, lipid stocks (Avanti Polar Lipids) were aliquoted into glass vials in the required proportions, diluted to a final total lipid concentration of 1 mM in chloroform, and stored at −80 °C. The *p*-Texas Red DHPE isomer was separated from a mixed isomer stock of Texas Red DHPE (Invitrogen) using thin-layer chromatography (TLC) on silica gel plates (Sigma) as described previously,^[@ref21]^ except that methanol was used as the solvent phase. The probe was then extracted from the TLC plate using methanol. Lipid stocks were brought to room temperature before use. A small aliquot (∼1 nmol of total lipid) was spread on a freshly cleaned PEG-functionalized coverslip and kept under high vacuum for 5 min to remove traces of chloroform. The PEG-functionalized coverslip was sandwiched between an ITO-coated glass slide using a 0.1 mm silicone spacer and then fitted in a flow cell (FCS2 system, Bioptechs). The flow cell was filled with filtered and degassed 20 mM HEPES (pH 7.4) buffer with 150 mM NaCl and left undisturbed for 10 min at room temperature. SMrT templates were prepared by extrusion of the large vesicles, formed during hydration, to narrow membrane tubes by flowing excess buffer at high (∼30 mm·s^--1^ particle velocity inside the chamber) flow rates. Templates were judged ready for experiments when the entire membrane reservoir was extruded into tubes that remained pinned to the surface.

Fluorescence Microscopy {#sec2.2}
-----------------------

Fluorescence imaging was carried out on an Olympus IX71 inverted microscope equipped with a 100×, 1.4 NA oil-immersion objective. Fluorescent probes were excited with a stable light-emitting diode light source (Thor Laboratories), and fluorescence emission was collected through filters (Semrock) with excitation and emission wavelength band passes of 562 ± 40 and 624 ± 40 nm, respectively, on an Evolve 512 EMCCD camera (Photometrics).

Brain and Bacterial Cytosol Preparation {#sec2.3}
---------------------------------------

Brain cytosol was prepared from adult goat brains according to the method described in ref ([@ref22]), with some modifications. Briefly, brains were cleaned of meninges and blood vessels and homogenized in a Waring blender in breaking buffer \[25 mM Tris (pH 8.0), 500 mM KCl, 250 mM sucrose, 2 mM EGTA, and 1 mM DTT\] with a protease inhibitor cocktail (Roche). The lysate was spun at 160000*g* for 2 h, and the supernatant was passed through a G-50 desalting column in 20 mM HEPES (pH 7.4) buffer with 150 mM KCl. BL21(DE3) cells grown to stationary phase in LB were pelleted and lysed by sonication in breaking buffer. The lysate was spun at 20000*g* for 1 h, and the supernatant was passed through a G-50 desalting column in 20 mM HEPES (pH 7.4) buffer with 150 mM KCl. Cytosol preparations were flash-frozen with 10% glycerol in liquid N~2~ and stored at −80 °C. The total protein content was estimated using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

Biochemical Fractionation {#sec2.4}
-------------------------

Brain cytosol was fractionated on a Q-sepharose column (GE Lifesciences) against a 150 to 1000 mM linear KCl gradient in 20 mM HEPES (pH 7.4) buffer. Fractions were dialyzed overnight against 20 mM HEPES (pH 7.4) buffer with 150 mM KCl. Fractions precipitated in 40% ammonium sulfate were resuspended in 20 mM HEPES (pH 7.4) buffer with 150 mM KCl and resolved on a Sephacryl S-300 size exclusion column (GE Lifesciences) in the same buffer. Western blots were performed using an EHD1-specific antibody (Abcam, catalog no. ab109311). Densitometric analysis of a Western blot of increasing amounts of purified recombinant EHD1 run on the same gel as the brain cytosol served as a standard for estimating the concentration of EHD1 in brain cytosol.

Mass Spectrometry {#sec2.5}
-----------------

Mass spectrometric analysis of samples was carried out at the Taplin Biological Mass Spectrometry Facility at Harvard University (Cambridge, MA). Protein bands on a Coomassie-stained sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) gel were excised and sent to the facility in water. Samples were in-gel digested and analyzed according to procedures listed here (<https://taplin.med.harvard.edu/home>).

Protein Expression and Purification {#sec2.6}
-----------------------------------

cDNAs for human dynamin1 (Q05193) and human EHD1 (Q9H4M9) were cloned with N-terminal six-His and C-terminal StrepII tags in pET15B using polymerase chain reaction. mEGFP-LactC2 was a gift from S. Grinstein (Addgene plasmid 22852) and was cloned in the same vector. All proteins were expressed in BL21(DE3) grown in autoinduction medium (Formedium, Norfolk, U.K.) for 36--48 h at 18 °C. Cell pellets were stored frozen at −40 °C. For purification, frozen cell pellets were thawed in 20 mM HEPES (pH 7.4) buffer with 300 mM KCl and sonicated in an ice--water bath. Lysates were spun at 20000*g*, and the supernatant was incubated with HisPur Cobalt resin (Thermo Scientific) for 1 h at 4 °C. The resin was then poured into a PD-10 column, washed with 100 mL of the same buffer, and eluted with 20 mM HEPES (pH 7.4) buffer with 300 mM KCl and 150 mM imidazole. The elution was then applied to a 5 mL Streptactin column (GE Lifesciences) and washed with 20 mM HEPES (pH 7.4) buffer with 150 mM KCl. Bound protein was eluted in 20 mM HEPES (pH 7.4) buffer with 150 mM KCl and 2.5 mM desthiobiotin (Sigma). Purified proteins were spun at 100000*g* to remove aggregates before use in microscopic assays. All nucleotides were obtained from Jena Bioscience.

Data Analysis {#sec2.7}
-------------

SMrT templates represent an array of membrane tubes, and a 512 × 512 pixel microscope field typically showed 30--35 tubes. Templates formed on a PEG400-functionalized glass coverslip display a homogeneous size distribution, and each tube can be considered an isolated substrate for a membrane fission catalyst. On the basis of these considerations, we quantified membrane fission as tube scission probabilities by calculating the fraction of tubes (analyzed across multiple fields) showing cut ends, which was possible because the adherent PEG400-functionalized glass coverslip ensured that remnants of severed tubes were retained on the coverslip. The reported tube scission probabilities represent pooled analyses from one or two sets of experiments.

Results and Discussion {#sec3}
======================

Re-Engineered SMrT Templates for a Fission Screen {#sec3.1}
-------------------------------------------------

On the basis of the rationale that narrow tubelike intermediates generated at late stages of typical vesicle budding reactions would best mimic substrates for potential MFCs, we employed our recently described SMrT templates^[@ref19],[@ref20]^ (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) to screen for membrane fission activity in brain cytosol. The screen is based on analysis of cytosol fractions for their ability to sever membrane tubes. The arrayed design of these templates ensures a large sampling of fission events, and fission efficiency is quantified by scoring the number of tubes that show at least one cut after incubation with cytosol or its fractions. For the purpose of visualization, templates contained trace amounts (1 mol %) of a membrane charge- and curvature-insensitive fluorescent lipid probe, *p*-Texas Red DHPE.^[@ref21],[@ref23]^ Because of these properties, the use of this probe in the membrane allows calculation of tube radii by using the planar supported lipid bilayer, formed at the site where the lipid is spotted ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), as an in situ calibration standard.^[@ref20]^

![SMrT screen to identify membrane fission catalysts. (A) Schematic of supported membrane tubes (SMrT) and a supported lipid bilayer (SLB). (B) Tube radius distribution on PEG400- and PEG8000-functionalized glass coverslips. Data represent means ± the standard deviation (SD) for the indicated numbers of tubes. (C) Plot showing membrane-bound mEGFP-LactC2 with increasing bulk protein concentrations. Data represent the mean ± SD for *n* ≥ 10 tubes analyzed for each protein concentration. (D) Micrographs of DOPC/DOPS/*p*-Texas Red DHPE SMrT templates (49:50:1 molar ratio) acquired in the Texas Red channel in the absence and presence of excess LactC2 domain. The scale bar is 10 μm.](bi-2018-00925d_0002){#fig1}

Our previously described SMrT templates on PEG8000-functionalized glass coverslips formed with a lipid mix containing 15 mol % dioleoylphosphatidylserine (DOPS) in the background of dioleoylphosphatidylcholine (DOPC) produced tubes that showed a broad range of sizes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Also, tubes that underwent scission were lost from the field of view because of the extremely passive surface. Together, these attributes complicate analysis of tube scission probabilities. To circumvent these problems, we tested a more adherent PEG400 surface, which required higher flow rates of buffer to extrude the membrane reservoir into tubes. The result of these modifications was a template that displayed thinner tubes, possibly in a state of higher membrane tension, and a more homogeneous size range ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Despite these characteristics, templates were remarkably stable to protein binding, even under conditions of extreme crowding on the membrane. This is evident from experiments carried out with the mEGFP-tagged LactC2 domain, which binds PS with high affinity,^[@ref24],[@ref25]^ on templates formed of high (50 mol %) DOPS content. Estimating the mEGFP to *p*-Texas Red DHPE fluorescence ratio on tubes with increasing protein concentrations showed that binding reached saturation with an apparent *K*~d~ of 40 nM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C), consistent with earlier estimates.^[@ref25]^ At saturating concentrations of 400 nM, which on membranes containing 50 mol % PS should cause a high degree of protein crowding, tubes became less tense and flaccid but showed no signs of breakage or scission.

Membrane Fission Activity in Brain Cytosol {#sec3.2}
------------------------------------------

For the purpose of an initial screen, we incorporated 5 mol % phosphatidylinositol-4-phosphate (PI-4-P), a lipid enriched in intracellular membranes such as on the endocytic recycling compartment (ERC) and the Golgi apparatus,^[@ref26]^ both of which represent organelles that release transport vesicles by as yet unidentified mechanisms, into the templates described above. We prepared a cytosol fraction from brain tissue and desalted it to remove small molecules such as nucleotides and other metabolites. Incubation of SMrT templates with 1 mg/mL desalted brain cytosol with a mixture of ATP and GTP (both at 1 mM) for 30 min at 37 °C revealed a large number of cuts ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, white arrowheads). Templates incubated with brain cytosol alone or incubated with bacterial cytosol at similar protein concentrations with ATP and GTP showed no such effects ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), indicating that cuts manifest from a regulated fission activity and not from mechanical instability or shearing of the tubes upon addition of a complex mix of proteins. Together, these results validate the use of SMrT templates in a screen for MFCs.

![Membrane fission activity in brain cytosol. (A) Effect of brain and bacterial cytosol with and without ATP and GTP on DOPC/DOPS/PI-4-P/*p*-Texas Red DHPE SMrT templates (79:15:5:1 molar ratio). Shown are images acquired in the Texas Red channel of the same microscope field before and after addition of cytosol. White arrowheads mark cut tubes. The scale bar is 10 μm. (B) Plots showing tube scission probability under the indicated conditions. The number of tubes sampled for each condition is indicated in the figure. (C) Micrographs of SMrT templates acquired in the Texas Red channel before and after incubation with recombinant dynamin1 (1 μM) and GTP (1 mM). White arrowheads mark cut tubes. The scale bar is 10 μm.](bi-2018-00925d_0003){#fig2}

We then went on to systematically resolve the source of the fission activity in brain cytosol. Templates incubated with brain cytosol in the presence of 1 mM GTP showed a high tube fission probability ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). We attribute this activity to dynamin, the canonical fission catalyst,^[@ref7],[@ref8],[@ref27]^ because its depletion from cytosol using a GST-AmpIISH3 sepharose matrix as bait,^[@ref28]^ significantly reduced fission activity to background levels ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Indeed, addition of recombinantly expressed and purified dynamin1 to the templates with GTP caused all of the tubes in these templates to undergo fission ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). A previous study reported liposome vesiculation with brain cytosol in the presence of both GTP and ATP. While the GTP dependence was attributed to dynamin, the ATP dependence has remained unresolved.^[@ref13]^ Remarkably, incubation of templates with cytosol and 1 mM ATP for 30 min at 37 °C revealed robust fission activity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), which remained so even with dynamin-depleted cytosol ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). To further resolve the source of this activity, we separated proteins in brain cytosol by anion exchange chromatography into seven fractions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), which were then dialyzed against 20 mM HEPES (pH 7.4) buffer with 150 mM KCl and added to the templates at a total protein concentration of 0.1 mg/mL with or without nucleotides. The ATP-dependent fission activity was found enriched in fraction 1, while the GTP-dependent fission activity peaked at fraction 4 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Chromatographic separation remarkably unraveled highly robust nucleotide-independent activity in fractions 5--7 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Recent work using liposomes has suggested that a number of proteins can indeed display membrane destabilization or fission-like activity.^[@ref17],[@ref29]−[@ref33]^ It is possible that the nucleotide-independent fission activity could reflect functions of any one of these proteins and is currently being pursued in the lab. Importantly, because such nucleotide-independent activity is only weakly apparent in native unfractionated cytosol ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), our results point to the possibility that such activity is kept under stringent control, perhaps by binding partners in cytosol.

![Resolution of fission activity in brain cytosol. (A) Plot showing results of anion exchange chromatography of brain cytosol and the fractions that were analyzed further. (B) Plots showing tube scission probability with anion exchange fractions under the indicated conditions. The number of tubes sampled for each condition is indicated in the figure.](bi-2018-00925d_0004){#fig3}

To identify the source of the ATP-dependent membrane fission activity, fraction 1 was further concentrated by a 40% ammonium sulfate precipitation and resolved using size exclusion chromatography. Further analysis showed that this activity was enriched in a fraction that yields bands at ∼60 kDa on a 10% SDS--PAGE gel ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Mass spectrometric analysis of this band (marked by the box) identified a total of 208 proteins ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00925/suppl_file/bi8b00925_si_002.xlsx)); 183 of these displayed unique peptide sequences ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00925/suppl_file/bi8b00925_si_003.xlsx)). Gene ontology annotation of the 183 proteins using DAVID^[@ref34]^ revealed 25 putative ATP-binding proteins ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00925/suppl_file/bi8b00925_si_004.xlsx)), among which were few peripherally associated membrane proteins such at the ATPase that contains a C-terminal EH domain (EHD1). EHD proteins belong to the dynamin superfamily.^[@ref35]−[@ref38]^ Mammals have four paralogs (EHD1--4), which display ∼70% amino acid identity. Despite such a high degree of sequence similarity, EHD proteins are distributed to diverse compartments in mammalian cells. EHD1 and EHD3 are localized predominantly to the ERC; EHD2 is present at the plasma membrane, and EHD4 is localized to a Rab5-positive early endocytic compartment.^[@ref35],[@ref39],[@ref40]^ Studies carried out in model organisms that have a single ortholog of EHD, most similar to EHD1 in mammals, have revealed functions associated with recycling of receptors.^[@ref41],[@ref42]^ Furthermore, mice lacking a single paralog EHD1 display embryonic lethality due to defects in neural tube development arising from aberrant sonic hedgehog signaling and formation of primary cilia.^[@ref43],[@ref44]^ Importantly, recent reports indicate a capacity for EHD1 to sever ERC tubules in an ATP-dependent manner in semipermeabilized cells^[@ref45],[@ref46]^ and that its knockdown leads to an expansion of the previously vesicular ERC in long membrane tubules.^[@ref47]^ Together, these observations prompted us to further investigate this class of proteins, despite the small number of peptides found in the mass spectrometric analysis (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.8b00925/suppl_file/bi8b00925_si_002.xlsx)).

![Identification of the ATP-dependent fission catalyst. (A) CBB-stained 10% SDS--PAGE gel of various fractions showing the band analyzed using mass spectrometry. Lane 5 in the gel shows the fraction from size exclusion chromatography showing peak fission activity. The boxed region was cut out and sent for mass spectrometric analysis. (B) CBB-stained SDS--PAGE gel (left) of brain cytosol and the corresponding Western blot (right) using an EHD1-specific antibody. (C) Western blot of anion exchange fractions using the same antibody. (D) Plot showing tube scission probability with brain cytosol with ATP in the absence and presence of the EHD-specific antibody. The number of tubes sampled for each condition is indicated in the figure. (E) Micrographs of SMrT templates acquired in the Texas Red channel before and after incubation with recombinant EHD1 (1 μM) and ATP (1 mM). White arrowheads mark cuts on the tubes. The scale bar is 10 μm.](bi-2018-00925d_0005){#fig4}

A Western blot analysis of brain cytosol using an EHD1-specific antibody revealed a single band at ∼60 kDa ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) that appeared enriched in fraction 1 of the anion exchange chromatography gel ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Our efforts at depleting EHD1 using a GST-NPF-bound sepharose matrix as bait were unsuccessful, possibly because of the low binding affinity reported for this interaction.^[@ref48]^ Quantitative Western blot analysis using purified recombinant EHD1 as a standard revealed brain cytosol to contain 0.4 ng of EHD1/μg of total protein. Using this estimate, we added a 3-fold molar excess of the EHD1-specific antibody (assuming molecular masses of 60 kDa for EHD1 and 150 kDa for IgG) directly to brain cytosol and passed it onto templates with ATP. Remarkably, the presence of the antibody reduced the ATP-dependent fission activity to background levels ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D), similar to that seen in the absence of ATP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). To validate these results, we purified recombinantly expressed human EHD1 and added it to templates with ATP. These experiments revealed that EHD1 alone is sufficient to cause fission ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). These results indicate that the ATP-dependent membrane fission activity in brain cytosol originates primarily from EHD1. The mechanism by which EHD1 manages membrane remodeling and fission will be the subject of another report.

Our study therefore has uncovered a novel fission catalyst, and we believe this is the first reported to utilize ATP for fission. The identification of a novel MFC EHD1, second only to dynamin that has a rich 30-year history, validates our approach of using SMrT templates to expand the repertoire of MFCs. As stated earlier, detecting membrane fission *in vitro* has been a challenge because of the lack of quantitative assays, which we overcome in this report by the use of SMrT templates. Considering that the assay is carried out in a flow cell and that the readout of the screen is binary, the combined use of microfluidics and automated image analysis routines should dramatically improve the throughput of such a screen. Importantly, the screen is easily amenable to further tuning with a change in the type of lipids displayed on the tubes as well as by the artificial recruitment of any desired adaptor protein on the membrane as described previously,^[@ref49]^ which should facilitate discovery of membrane remodeling functions by proteins that otherwise engage the membrane with low affinity. Together, we foresee these developments to expand and systematically catalog proteins that display an intrinsic tendency to remodel and sever membranes.
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